CLIP-170 tethers kinetochores to microtubule plus ends against poleward force by dynein for stable kinetochore–microtubule attachment  by Amin, Mohammed Abdullahel et al.
FEBS Letters 589 (2015) 2739–2746journal homepage: www.FEBSLetters .orgCLIP-170 tethers kinetochores to microtubule plus ends against
poleward force by dynein for stable kinetochore–microtubule
attachmenthttp://dx.doi.org/10.1016/j.febslet.2015.07.036
0014-5793/ 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
Author contributions:M.A.A. and K.T. designed the study; M.A.A. and K.K. performed
the experiments; M.A.A. and K.T. analyzed the data and wrote the manuscript.
⇑ Corresponding authors at: Department of Biochemistry and Molecular Biology,
University of Dhaka, Dhaka 1000, Bangladesh (M.A. Amin), Department of Molec-
ular Oncology, Institute of Development, Aging and Cancer, Tohoku University, 4-1
Seiryo-machi, Aoba-ku, Sendai 980-8575, Miyagi, Japan. Fax: +81 22 717 8491 (K.
Tanaka).
E-mail addresses:mabamin@gmail.com (M.A. Amin), k.tanaka@idac.tohoku.ac.jp
(K. Tanaka).Mohammed Abdullahel Amin ⇑, Kinue Kobayashi, Kozo Tanaka ⇑
Department of Molecular Oncology, Institute of Development, Aging and Cancer, Tohoku University, Sendai 980-8575, Japana r t i c l e i n f o
Article history:
Received 23 June 2015
Accepted 17 July 2015
Available online 29 July 2015
Edited by Michael R. Bubb
Keywords:
Cytoplasmic linker protein-170
Dynein
Chromosome alignment
Kinetochore
Microtubule
Mitosisa b s t r a c t
The cytoplasmic linker protein (CLIP)-170 localizes to kinetochores and is suggested to function in
stable attachment of kinetochores to microtubule ends. Here we show that defects in kinetochore–
microtubule attachment and chromosome alignment in CLIP-170-depleted cells were rescued by
co-depletion of p150glued, a dynactin subunit required for kinetochore localization of CLIP-170.
CLIP-170 recruited p150glued to microtubule ends. Kinetochore localization at microtubule ends
was perturbed by CLIP-170 depletion, which was rescued by co-depleting p150glued. Our results
imply that CLIP-170 tethers kinetochores to microtubule ends against the dynein-mediated pole-
ward force to slide kinetochores along microtubules, facilitating the stable kinetochore attachment
to microtubules.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
For faithful chromosome segregation, proper attachment of
spindle microtubules to chromosomes at kinetochores is necessary
[1,2]. Kinetochore is a large proteinous structure composed of
more than 100 gene products in human cells that has a layered
structure spanning from chromatin (centromere) to microtubules
[3]. At the outer layer of kinetochore, molecules that directly attach
to microtubules reside, like the Ndc80 complex that is essential for
stable kinetochore attachment to microtubule ends [4]. Among
other molecules at outer kinetochore are plus-end tracking pro-
teins (+TIPs) that localize to growing microtubule plus ends [5].
CLIP-170, one of the +TIPs localizing to kinetochores during mitosis
[6], contains tandem repeats of the cytoskeleton-associated pro-
tein glycine-rich (CAP-Gly) domain at the N-terminus that binds
to microtubules directly or via EB1 [7–9]. The C-terminus ofCLIP-170 harboring two zinc-ﬁnger domains is involved in kineto-
chore localization as well as intramolecular interaction with the
N-terminus that interferes with microtubule binding [6,10–13].
CLIP-170 is known to function in various processes during inter-
phase, such as cell migration and organelle transport [14,15], while
it is involved in chromosome segregation during mitosis [6,16].
Cells depleted of CLIP-170 show a delay in mitotic progression
with misaligned chromosomes [16,17]. It was suggested that
CLIP-170 facilitates the formation of kinetochore attachment to
microtubules [16], although the detailed mechanism has not been
revealed yet. A recent study reported that phosphorylation of
CLIP-170 at S312 by Polo-like kinase 1 (PLK1) regulates the binding
of CLIP-170 to microtubules, which is pivotal for chromosome
alignment [18]. We found that CLIP-170 interacts with PLK1 at
T287, a CDK1-dependent site, which contributes to recruit PLK1
to kinetochores [19]. CLIP-170 localizes to kinetochores through
direct binding with its C-terminal region with p150glued, which
is another +TIP containing a CAP-Gly domain and also a subunit
of the dynactin complex that plays a crucial role for the localization
and activity of a minus end-directed motor, dynein [10,11,16].
Phosphorylation of CLIP-170 at S195 by PLK1 and at S1318 by
casein kinase 2 (CK2) is involved in dynactin-dependent localiza-
tion of CLIP-170 to kinetochores [20].
Dynein localizing to kinetochores is suggested to play a role in
chromosome alignment, kinetochore–microtubule attachment and
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tion, it is known that dynein is involved in rapid poleward motion
after kinetochore attachment to the lateral surface of microtubules
[21]. Initial attachment of kinetochores to microtubule lattice and
subsequent poleward motion along microtubules is supposed to be
beneﬁcial for efﬁcient collection of chromosomes scattering in the
cytoplasm onto the spindle [1]. But this kinetochore attachment to
microtubule lattice needs to be converted to stable attachment to
microtubule plus ends for proper chromosome alignment to the
spindle equator and faithful chromosome segregation. Here we
address how CLIP-170 plays a role in the formation of kineto-
chore–microtubule attachment and how it is functionally related
to the dynein–dynactin complex.2. Materials and methods
2.1. Cell culture and drug treatments
HeLa cells were grown at 37 C in a humidiﬁed atmosphere with
5% CO2 in DMEM (Life Technologies) supplemented with 10% fetal
bovine serum.Todepolymerizemicrotubules extensively, cellswere
incubatedwith nocodazole (2 lM) for 2 h prior to ﬁxation. To arrest
cells in metaphase, cells were treated with MG132 (10 lM) for 2 h
prior to ﬁxation. To obtain cellswith amonopolar spindle, cellswere
treated with Eg5 inhibitor III (Merck Millipore) at 100 nM.
2.2. Plasmid construction
mCherry-CLIP-170-WT (wild type), an RNAi-resistant CLIP-170
construct, was described previously [19]. mCherry-CLIP-170-DN,
in which the N-terminal 349 amino acids of CLIP-170 were deleted,
was prepared using mCherry-CLIP-170-WT as a template vector.
mCherry-p150glued was constructed by subcloning
PCR-ampliﬁed p150glued cDNA into a mCherry expression vector
derived from pIREShyg3 (Clontech).
2.3. RNAi and rescue experiments, and overexpression experiments
The targeted sequence for human CLIP-170 was 50-AUUUCUA
GCAGCAUGGACUGUUCCC-30 (Invitrogen). The targeted sequences
for human p150glued at its coding sequence and 50-untranslated
region were 50-AACAGCACCAGAACGCAGUCAUGGU-30 (Invitrogen)
and 50-CCACCACCAAAGGUUAAGU-30 [24], respectively. The tar-
geted sequence for human CENP-E was 50-UUUAAGUUCCUCUUCA
GUUUCCAGG-30 (Invitrogen). HeLa cells were transfected with
150 nM duplexed siRNA with RNAi MAX (Invitrogen) according
to the manufacturer’s instructions. As a control, the same transfec-
tion reaction was performed using H2O instead of siRNA oligonu-
cleotides. Cells were prepared for analysis after 48–72 h of
transfection. For rescue assays, cells were transfected with
RNAi-resistant constructs for CLIP-170 after 24 h of siRNA transfec-
tion using Lipofectamine 2000 (Life Technologies) according to the
manufacturer’s protocol. Cells were prepared for analysis after 48 h
of plasmid transfection.
For overexpression experiments, cells were transfected with the
construct for mCherry-CLIP-170 or mCherry-p150glued using
FuGENE HD (Promega). Twelve hours after from the transfection,
cells were treated for 24 h with 2 mM thymidine, and cultured
for 8 h after release from the thymidine block before treated with
Eg5 inhibitor III for 5 h.
2.4. Immunoﬂuorescence
HeLa cells grown on microscope cover glasses were ﬁxed in cold
methanol or 4% paraformaldehyde at room temperature, blockedwith 3% bovine serum albumin (BSA) in PBS, and incubated with
the following primary antibodies at 1:300 dilution: rabbit
anti-CLIP-170 (Santa Cruz Biotechnology), mouse and rabbit
anti-a-tubulin (Sigma–Aldrich), mouse anti-p150glued (BD trans-
duction), rabbit anti-GFP (Invitrogen), mouse anti-mCherry
(Clontech), and rabbit anti-CENP-E (Sigma). Cells were washed
with PBS before and after incubation with Alexa-Fluor secondary
antibodies at 1:500 dilution (Molecular Probes), and DNA was
counterstained with 1 lg/mL DAPI.
For the analysis of cold-stable microtubules, cells were incu-
bated for 10 min on ice in Leibovitz’s L-15 medium (Life
Technologies) with 20 mM HEPES, pH 7.0 and 10% FBS, and then
ﬁxed for 15 min at room temperature with 4% formaldehyde and
0.5% Triton X-100 in PHEM buffer (60 mM PIPES, 25 mM HEPES,
10 mM EGTA and 4 mM MgSO4, pH 6.9). For the analysis of
CaCl2-resistant microtubules, cells were treated with PCM buffer
(60 mM PIPES, 0.2 mM CaCl2 and 4 mM MgSO4, pH 6.9) and then
ﬁxed for 15 min at room temperature with 4% formaldehyde and
0.5% Triton X-100 in PCM buffer.
2.5. Image acquisition and analysis
Image acquisition was performed on an imaging system
(DeltaVision Personal DV; Applied Precision) equipped with a cam-
era (CoolSNAP HQ2, Photometrics) and a 100 or 60 1.40 NA Plan
Aphochromat objective lens (Olympus), and SoftWoRx acquisition
software (Applied Precision). For ﬁxed cell experiments, images
were acquired at room temperature with z-stacks at 0.2 lm
intervals.
For the measurement of K-ﬁber (microtubule bundles connect-
ing kinetochores to microtubules) intensity, we converted images
scaled identically into TIFF ﬁles, selected regions of interest
(ROIs) manually at the equatorial position of the metaphase plate
and measured microtubule intensity by quantifying the pixel gray
levels using NIH ImageJ (NIH). After subtracting the background
measured outside of ROIs, intensities were averaged in a single cell.
The average intensity was normalized for the expression level by
dividing by the peak intensity for that cell.
To measure the ﬂuorescence intensity on kinetochores, we con-
verted images to TIFF ﬁles, selected ROIs, and quantiﬁed pixel gray
levels using ImageJ, followed by subtraction of the background.
For live-cell imaging, HeLa cells grown in chambered cover slips
(Thermo Fisher Scientiﬁc) were imaged 24–48 h after DNA trans-
fection in Leibovitz’s L-15 medium (Life Technologies) supple-
mented with 20% FBS, 20 mM HEPES, pH 7.0. Stage temperature
was maintained at 37 C with a temperature-controlled chamber
(Precision Control). Z-stacks were collected at 0.8–1.2 lm intervals
every 1–6 min.
The average kinetochore-to-pole distance in ﬁxed cells was
measured between monopole and kinetochores by generating a
circle covering all the kinetochores in projected image using
ImageJ software. To quantify the kinetochore motions, images
were captured at 0.8 lm intervals every 5 s. Sister kinetochore
pairs chosen for analysis were located at the periphery of the
monopolar spindle. Kinetochore movements were tracked using
GFP-CENP-A ﬂuorescence using the manual-tracking tool in
ImageJ software.
All images represent maximum-intensity projections of all z
planes. All images and movies presented were processed in
ImageJ and the statistical tests performed are speciﬁed in ﬁgure
legends.
2.6. Western blotting
Western blotting was performed as previously described [19].
Brieﬂy, cell lysates were prepared with lysis buffer (20 mM Tris
Fig. 1. Chromosome misalignment in CLIP-170-depleted cells is rescued by co-depletion of p150 glued. (A) Western blotting analysis of HeLa cells treated with siRNAs for
CLIP-170 and/or p150glued for 72 h. a-Tubulin was used as a loading control. (B) Mitotic index of HeLa cells treated with siRNAs for CLIP-170 and/or p150glued for 72 h. Error
bars represent S.D. from three independent experiments. For each experiment, >1000 cells were counted. **P < 0.01 (Student’s t test), ns: not signiﬁcant. (C) HeLa cells
transfected with siRNAs for CLIP-170 and/or p150glued were treated with MG132 (10 lM) for 2 h prior to ﬁxation and were immunostained with p150glued (green) and
CLIP-170 (red), and counterstained with DAPI for DNA (blue). Scale bars: 5 lm. (D) Percentage of mitotic cells with chromosome alignment defects in cells transfected with
siRNAs for CLIP-170 and/or p150glued for 72 h and treated with MG132 for 2 h prior to ﬁxation. Error bars represent S.D. from three independent experiments. For each
experiment,P200 mitotic cells were examined. **P < 0.01 (Student’s t test), ns: not signiﬁcant. (E) Selected frames of videos from HeLa cells expressing H2B-mCherry treated
with siRNAs as indicated. Images were captured at every minute starting from nuclear envelope breakdown for 1 h. Arrowheads indicate misaligned chromosomes. Scale
bars: 5 lm. See Supplemental Videos 1–3. (F) Percentage of cells with chromosome alignment defects determined in the experiment described in (D). For each condition,P35
mitotic cells were examined.
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0.1% NP-40, 5% glycerol), supplemented with complete protease
inhibitor cocktail (Roche) and complete phosphatase inhibitor(Nacalai Tesque). Protein concentration was measured and
adjusted by the Bradford method (Bio-Rad Laboratories) and the
cell extracts were resolved using SDS–PAGE and transferred to a
Fig. 2. Failure in the formation of stable kinetochore–microtubule attachment in CLIP-170-depleted cells is restored by co-depletion of p150glued. (A) HeLa cells transfected
with siRNA for mock or p150glued were treated with nocodazole (2 lM) for 2 h prior to ﬁxation and immunostained with GFP (CENP-A; green) and CLIP-170 (red), and
counterstained with DAPI for DNA (blue). Scale bars: 5 lm. (B) HeLa cells transfected with siRNA for mock or CLIP-170 were immunostained with GFP (CENP-A; green) and
p150glued (red), and counterstained with DAPI for DNA (blue). Scale bars: 5 lm. (C) HeLa cells transfected with siRNAs for CLIP-170 and/or p150glued were treated with
MG132 for 2 h followed by cold treatment on ice for 10 min prior to ﬁxation and immunostained with GFP (CENP-A; green) and a-tubulin (red), and counterstained with DAPI
for DNA (blue). Scale bars: 5 lm. (D) Quantiﬁcation of the cold stable K-ﬁbers at the metaphase plate in the experiment described in (C). A.U.: arbitrary units. Error bars
represent S.D. from three independent experiments. For each experiment, P10 cells were examined. **P < 0.01 (Mann–Whitney U test), ns: not signiﬁcant.
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tions were performed in 5% non-fat dry milk. Horseradish
peroxidase-labelled secondary antibodies (Santa Cruz
Biotechnology) were visualized using chemiluminescence with
luminal and coumaric acid (GE Healthcare).
3. Results and discussion
First, we observed the phenotype of CLIP-170-depleted cells.
We conﬁrmed the efﬁcient depletion of CLIP-170 in Western blot-
ting analysis (Fig. 1A). CLIP-170-depleted cells showed a higher
mitotic index (Fig. 1B), and there were many misaligned chromo-
somes in the majority of mitotic cells, observed both in an
immunoﬂuorescence staining (Fig. 1C and D) and live-cell imaging
(Fig. 1E and F, Supplemental Videos 1 and 2). Chromosome
misalignment was rescued when an RNAi-resistant CLIP-170 con-
struct was expressed in CLIP-170-depleted cells, showing thespeciﬁcity of the phenotype (Fig. S1, Supplemental Videos 4 and
5). These data are consistent with previous reports [16,17].
CLIP-170 localized to kinetochores in prometaphase, which was
decreased in metaphase (Fig. S2), as reported previously
[6,16,17,19]. It is known that kinetochore localization of CLIP-170
depends on dynactin [10,11,16]. We conﬁrmed that p150glued, a
dynactin complex component, colocalizes with CLIP-170 at kineto-
chores in prometaphase (Fig. S2). Kinetochore localization of
CLIP-170 markedly diminished in p150glued-depleted cells
(Fig. 2A), while kinetochore localization of p150glued on misa-
ligned chromosomes was not affected by CLIP-170 depletion
(Fig. 2B). Proper depletion of p150glued was examined in
Western blotting analysis (Fig. 1A). CLIP-170 expression was not
affected by p150glued depletion (Fig. 1A). These results conﬁrmed
the dependency of CLIP-170 kinetochore localization on dynactin.
We next observed the phenotype of p150glued-depleted cells.
There was a slight increase in mitotic index, as well as a little
Fig. 3. The N-terminal region of CLIP-170 is required for chromosome alignment.
(A) Western blotting analysis of CLIP-170-depleted cells transfected with mCherry,
mCherry-CLIP-170-WT (WT), or mCherry-CLIP-170-DN (DN). a-Tubulin was used
as a loading control. (B) CLIP-170-depleted cells expressing mCherry, mCherry-
CLIP-170-WT, or mCherry-CLIP-170-DN were treated with MG132 for 2 h prior to
ﬁxation and immunostained with mCherry (red) and counterstained with DAPI for
DNA (blue). Scale bars: 5 lm. (C) Percentage of cells with chromosome alignment
defects determined in the experiment described in (B). Error bars represent S.D.
from three independent experiments. For each condition, P200 cells were
examined. **P < 0.01 (Student’s t test), ns: not signiﬁcant.
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shown in an immunoﬂuorescence staining (Fig. 1B–D). These ﬁnd-
ings are in agreementwith the previous report suggesting that dyn-
actin is not essential for chromosome alignment [23]. Then we
observed CLIP-170 and p150glued co-depleted cells and found that
the increase in mitotic index in CLIP-170-depleted cells was allevi-
ated by the co-depletion of p150glued, which was conﬁrmed by
another siRNA targeted for 50-untranslated region (Fig. 1A and B).
Accordingly, the percentage of cells with misaligned chromosomes
in cells depleted of both CLIP-170 and p150glued was as low as that
in mock-treated cells, shown in an immunoﬂuorescence staining as
well as in live-cell imaging (Fig. 1C–F, Supplemental Video 3). These
data suggest that chromosome misalignment in CLIP-170 depleted
cells is rescued by co-depletion of p150glued. Chromosome
misalignment in CLIP-170-depleted cells was proposed to be due
to failure in the formation of stable kinetochore–microtubule
attachment [16]. We conﬁrmed that stable K-ﬁbers, cold-resistant
microtubulebundles connectingkinetochores to spindle poles,were
markedly reduced in CLIP-170-depleted cells (Fig. 2C and D). On the
other hand, cold-resistant K-ﬁbers were maintained in
p150glued-depleted cells as well as in cells depleted of both
CLIP-170 and p150glued (Fig. 2C and D), suggesting that defective
kinetochore–microtubule attachment in CLIP-170-depleted cells is
rescued by co-depletion of p150glued. These results demonstrate
for the ﬁrst time that the defect in kinetochore–microtubule attach-
ment and chromosome alignment in CLIP-170-depleted cells is res-
cued by co-depletion of its recruiter to kinetochores, p150glued.
Next we investigated the mechanism how p150glued depletion
rescues mitotic phenotype in CLIP-170-depleted cells. It is known
that CLIP-170 interacts with microtubule plus ends with CAP-Gly
domains at the N-terminus [12]. To examine whether the micro-
tubule plus end binding ability is involved in the mitotic role of
CLIP-170, we observed chromosome misalignment in cells express-
ing a CLIP-170 deletion construct lacking the N-terminal region
(CLIP-170-DN; Fig. 3A), which cannot localize to microtubule plus
ends [16]. We found that mCherry-tagged wild type CLIP-170 res-
cued chromosome misalignment in cells depleted of endogenous
CLIP-170, while CLIP-170-DN did not (Fig. 3B and C), showing that
microtubule plus end-binding is indeed required for the role of
CLIP-170 in the formation of stable kinetochore–microtubule
attachment and thus in chromosome alignment. CLIP-170 recruits
the dynein–dynactin complex to microtubule plus ends through
binding to p150glued [25], which is involved in organelle trafﬁck-
ing in interphase cells [14,15]. We examined the possibility that
CLIP-170 also recruits the dynein–dynactin complex to kineto-
chores at microtubule ends during mitosis. We quantiﬁed the sig-
nal intensity of p150glued, a dynactin subunit, on kinetochores at
microtubule ends in an immunoﬂuorescence staining of ﬁxed cells
with or without exogenous expression of mCherry-CLIP-170
(Fig. 4A). To clearly visualize ﬂuorescent signals on kinetochores
at microtubule ends, monopolar spindles were observed by treat-
ing cells with an inhibitor for Eg5, a plus end-directed motor
required for spindle bipolarity. mCherry-CLIP-170 localized to
kinetochores, and we found higher p150glued signal intensity on
kinetochores in mCherry-CLIP-170-expressing cells compared to
mock-treated cells (Fig. 4B and C). In mCherry-CLIP-
170-expressing cells, there was a tendency that kinetochores with
higher p150glued signal intensity have stronger mCherry-CLIP-170
signal (Fig. S3A). These data suggest that CLIP-170 recruits the
dynein–dynactin complex to kinetochores at microtubule ends.
We also examined the signal intensity of CLIP-170 on kinetochores
at microtubule ends in cells with or without exogenous expression
of mCherry-p150glued (Fig. 4A). mCherry-p150glued localized to
kinetochores, and in accordance with the ﬁnding that p150glued
recruits CLIP-170 to kinetochores, CLIP-170 signal intensity on
kinetochores was higher in mCherry-p150glued-expressing cellscompared to mock-treated cells (Fig. 4B and C). Again, kineto-
chores with higher CLIP-170 signal intensity tend to show stronger
mCherry-p150glued signal (Fig. S3B). These data indicate that
CLIP-170 recruits p150glued to kinetochores at microtubule ends,
while p150glued recruits CLIP-170 to kinetochores.
Given that CLIP-170 recruits the dynein–dynactin complex on
kinetochores to microtubule ends, CLIP-170 may function to tether
kinetochores to microtubule ends. To verify this possibility, we
observed kinetochore location on monopolar spindle obtained by
Eg5 inhibition. Kinetochores in mock-treated cells located at the
tips of K-ﬁbers (Fig. 5A), which was conﬁrmed by treatment with
calcium chloride that depolymerises unstable microtubules other
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CLIP-170-depleted cells accumulated closely to spindle poles, sup-
posedly locating at the wall of microtubules (Fig. 5A). Long, stable
K-ﬁbers were absent, which was shown by treatment with calcium
chloride (Fig. 5A). Accordingly, the distance between kinetochores
and spindle pole was shorter in CLIP-170-depleted cells compared
with that in mock-treated cells (Fig. 5B). In p150glued-depleted
cells, kinetochores located at the ends of stable K-ﬁbers, similarly
to mock-treated cells (Fig. 5A and B). When CLIP-170 was
co-depleted along with p150glued, kinetochores located at the tips
of stable K-ﬁbers, and kinetochore-spindle pole distance was
restored to the length comparable to that in mock-treated cells
(Fig. 5A and B). In live-cell imaging, kinetochores showed robust
oscillatory motion at the dynamic K-ﬁber ends in mock-treated
cells (Fig. 5C, Supplemental Video 6). In contrast, kinetochores in
CLIP-170-depleted cells showed a little motion near the spindle
pole (Fig. 5C, Supplemental Video 7), which has not been recog-
nized before. In p150glued-depleted cells and cells depleted ofA
B
C
Fig. 4. CLIP-170 recruits p150glued to kinetochores at microtubule ends. (A) Western
p150glued. a -tubulin was used as a loading control. (B) CLIP-170-depleted cells expres
inhibitor III for 5 h prior to ﬁxation and immunostained with mCherry (red), p150glued or
Quantiﬁcation of p150glued or CLIP-170 intensity at kinetochores in cells expressing mC
represent S.D. Over 250 kinetochores were quantiﬁed for 10 cells per condition. **P < 0.0both CLIP-170 and p150glued, robust kinetochore oscillation was
seen as in mock-treated cells (Fig. 5C, Supplemental Videos 8 and
9). These data support the idea that CLIP-170 tethers kinetochores
to microtubule plus ends, while in the absence of CLIP-170, kineto-
chores move along microtubules toward spindle pole by dynein
activity. Dynein is lost from kinetochores in p150glued-depleted
cells, and in the absence of minus end-directed force by dynein,
CLIP-170 may become dispensable for the formation of stable
end-on attachment of kinetochores to microtubules. The phenom-
ena observed in Eg5 inhibitor-treated cells can explain the appear-
ance of misaligned chromosome under physiological condition in
CLIP-170-depleted cells. The misaligned chromosomes are close
to spindle poles and show strong p150glued signal at kinetochores
(Fig. 2B), lacking stable K-ﬁber formation (Fig. 2C and D).
Co-depletion of p150glued along with CLIP-170 abolishes dynein
recruitment to kinetochores, thus kinetochores can form stable
end-on attachment and align to the spindle equator
(Fig. 2C and D). From these data, we propose that CLIP-170 tethersblotting analysis of HeLa cells transfected with mCherry-CLIP-170 or mCherry-
sing mCherry-CLIP-170 (left) or mCherry-p150glued (right) were treated with Eg5
CLIP-170 (green), and counterstained with DAPI for DNA (blue). Scale bar: 5 lm. (C)
herry-CLIP-170 (left) or mCherry-p150glued (right). A.U.: arbitrary units. Error bars
1 (Mann–Whitney U test).
Fig. 5. CLIP-170 tethers kinetochores to microtubule ends against dynein activity. (A) Cells transfected with siRNAs for CLIP-170 and/or p150glued were treated with Eg5
inhibitor III for 3 h, with or without CaCl2 (0.2 mM) to depolymerize unstable microtubules, and immunostained with GFP (CENP-A: green) and a-tubulin (red), and
counterstained with DAPI for DNA (blue). Scale bars: 5 lm. (B) The kinetochore-to-pole distance was measured in the experiment described in (A), without CaCl2. Error bars
represent S.D. from three independent experiments. For each experiment,P10 cells were examined. **P < 0.01 (Mann–Whitney U test), ns: not signiﬁcant. (C) Trajectories of a
representative sister kinetochore pair in cells transfected with siRNAs for CLIP-170 and/or p150glued. Cells were treated with Eg5 inhibitor III for 2 h prior to imaging. Images
were acquired on a DeltaVision Personal DV microscope as z stacks at 0.8 lm and 5 s intervals. See Supplemental Videos 6–9.
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stable kinetochore–microtubule attachment in the presence of
the poleward force by dynein.
The dynein–dynactin complex plays a role in the rapid pole-
ward kinetochore motion along microtubules after initial kineto-
chore attachment to microtubule lattice [21]. This lateral
attachment of kinetochores to microtubules is converted to attach-
ment to microtubule ends, forming stable K-ﬁbers [1,26].
Therefore, tethering kinetochores to microtubule ends may be a
prerequisite to convert lateral attachment of kinetochores to
microtubules into attachment to microtubule ends. Mutual depen-
dency between CLIP-170 and p150glued (a dynactin subunit) to
recruit each other to microtubule ends and kinetochores, respec-
tively, probably works to tether kinetochores to microtubule ends,
which may allow the conversion of the initial lateral attachment of
kinetochores to microtubules into stable end-on attachment.
Inability of a CLIP-170 mutant lacking microtubule binding domain
(Fig. 3B and C) and a mutant unable to bind to p150glued [20] to
rescue chromosome misalignment in CLIP-170-depleted cells sup-
port this notion. It seems that poleward force on kinetochores by
dynein needs to be suppressed for the formation of end-on attach-
ment, which is in agreement with the recent data that dynein pre-
vents the stabilization of end-on attachment [27]. Increased
kinetochore localization of p150glued by overexpression of
CLIP-170 (Fig. 4B and C) excludes the possibility that this suppres-
sion is through the inhibition of kinetochore localization of the
dynein–dynactin complex by CLIP-170. Suppressive role of minus
end-directed motors on the formation of end-on attachment was
also known in budding yeast regarding a minus end-directed kine-
sin family, Kar3 [28]. It was reported that kinesins CENP-E and
MCAK are required for the lateral to end-on conversion [26].
CENP-E is proposed to tether the laterally-attached kinetochores
to microtubule walls [26], and CENP-E-depleted cells show misa-
ligned chromosomes localizing close to spindle poles, similarly to
CLIP-170-depleted cells [16]. We found CENP-E works indepen-
dently of CLIP-170, as a high percentage of chromosome alignment
defect was observed in cells depleted of CENP-E together with
CLIP-170 and p150glued (Fig. S4). Chromosome segregation is gov-
erned by the elaborate regulation of kinetochore–microtubule
interaction, and there are multiple modules to ﬁne-tune the regu-
lation spatially and temporally. Further study is required to eluci-
date the relationship between kinetochore molecules on the
regulation of kinetochore–microtubule attachment during chro-
mosome segregation.
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